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this fibering is accomplished by embedding equiaxed 
fibem by extrusion, swaging, or rolling. The additives are 
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tional manner. Since the fiber surfaces are created in 
contact with the matrix during extrusion, the in situ 
process offers a better opportunity to retain good bond- 
ing at the fiber-matrix interface. During extrusion the 
matrix acts to distribute the stresses more neatly iso- 
statically around each particle of additive, and this per- 
mits relatively strong, hard, and brittle additives to be 
deformed and elongated. 
It is, therefore, an object of the present invention to 
provide an improved fiber reinforced metallic comuosite 
6 
10 - 
wherein the fibers are produced within the materLal by 
mechanical working without permitting the fibers to be 
exposed to external atmospheres. 
Equiaxed particles of refractory additives are fibered Another object of the invention is to provide an h- 
in situ in a high melting point metallic matrix. The ad&- 16 proved metallic composite reinforced with ceramic and 
tiVeS are deformed at temperatures lower than the melt- refractory hard metal having high resistance to deforma- 
ing point of the matrix. tion and to crack formation. 
ABSTRACT OF THE DISCLOSURE 
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bide contained 4.6 percent zirconium, titanium, and 
boron. 
All but one of the billets were made by using 2500 to 
4000 grams of nominally 1 micron tungsten powder. The 
oxides zirconia, yttria, hafnia, and thoria were nominally 
2 microns in average diameter while the refractory com- 
pounds hafnium boride, hafnium nitride, hafnium car- 
bide, and tantalum carbide were nominally 4 to 7 microns. 
8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  0 4,200 8:l 
16:l 
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11 Zirconia _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  14.5 4 , 2 w  
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14 Hafnium boride ....--. 8.0 4,200 8:l 
15 Hafniumnitride _.____ 8.0 4,200 8:l 
16 Hafniumcarbide _ _ _ _ _ _  8.0 4,200 8:l 
17 Tautalumcarbide ___.. 8.0 4,200 8:l 
8:l to 16:l and ram spseds from 3.6 to 14.4 inches per 
second. Unclad billets 6 and 7 were extruded at a reduc- 
tion ratio of 20: 1 in a high-energy press while the remain- 
ing billets were extruded in a conventional 1000 ton ver- 
The tungsten and tungsten composities shown in Table 
I1 were canned in containers of the softer materials, tan- 
talum and molybdenum, to provide adequate lubrication in 
6 tical extrusion press. 
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TABLE 11.-TUNGSTEN BILLET COMPOSITION AND PROCESSING 
Maximum 
Additive Percent Tempera- Reduction extrusion Ram spaed, 1 1 ture, "F. 1 ratio 1 ressure 1 in./seo. lt./&Q. I;. 
VACUUM-SINTERED BILLETS 
The powders used to prepare the composites were 
weighed and placed in a container approximately one-third 
full with one quarter inch diameter glass beads. Mixing 
occurred as the container was rolled at relatively slow 
speeds. The speed was such that the powder rolled gently 
over itself without sliding or clinging to the sides of the 
container. 
The tungsten and tungsten-additive mixtures for billets 
2 to 5 shown in Table I1 were cleaned in a tower with a 
stream of hydrogen at 1500" F. for six hours before com- 
paction in order to reduce any tungsten oxide present to 
the metal. The hydrogen flow rate was regulated between 
5 to 15 cubic feet per hour. The cleaning tower was 
heated slowly to maintain the moisture evolved below 
io00 parts per million and to prevent localized sintering. 
All the powders were compacted isostatically at 30,000 
pounds p.s.i. and room temperature. The powder was 
packed initially in a rubber mold set in a metal tube so 
that, after pressing and sintering, the billet required a 
minimum of machining for canning and extruding. 
Two separate sintering schedules were utilized as shown 
in Table 11. Billets 1 to 7 were sintered for two hours at 
a pressure of less than 5 X  10-5 torr and at a temperature 
of 3500" F. Billets 1 to 5 were then sintered in vacuum 
at 4200" F. for two hours while billets 6 and 7 were sin- 
tered in vacuum at 4200" F. for four hours. In processing 
billets 8 to 17, the compacts were given a two-hour pre- 
sintering in hydrogen at 2600" F. followed by two-hour 
sintering in vacuum at 4200" F. to obtain improved den- 
sity. 
Billets 1 to 5 were extruded in a tantalum can having 
a wall thickness of 0.09 inch thick. Billets 8, 9 and 11 to 
17 were extruded in a 0.25 inch-thick-wall pressed and 
sintered molybdenum can. Billet 10 was extruded in a 
0.25 inch-thick-wall tantalum can. Temperatures from 
45 
60 
the high temperature range of 3800" to 4200" F. A variety 
of metals and other materials, such as oxides, glass, graph- 
ite and rubber were used as container lubricants. Oxides 
were also used to coat the extrusion die. 
The use of soft metal canning materials also introduced 
a more nearly isostatic conditon in which the extruding 
pressure was distributed more uniformly about the billet 
While tantalum is quite effective as a canning material, 
less expensive molybdenum cans produced by powdered 
metallurgy techniques were satisfactory. The cans also 
served to protect the billets from contamination. In this 
manner, the extrusion capability for tungsten billets was 
extended to higher reduction ratios of 16:l and higher 
temperatures of approximately 4200" F. 
Stress-rupture tests of the extruded materials were con- 
ducted in a vacuum of 5x104 torr at different stress 
levels at 3000" F. A number of tests were also conducted 
at 2500", 3400°, 3500", and 3800" F. Photomicrographs 
of the extruded bars and of the ruptured stress-rupture 
go specimens were prepared and examined. In addition, fiber 
length-diameter ratios were determined so that these 
parameters could be correlated with the stress-ruptured 
life of the composites. With a few composities step-load 
creep tests were run to evaluate rapidly their strength 
65 potential and to obtain suitable stresses for short-time 
stress-rupture tests. The results of certain of these tests 
are tabulated in Table III. 
Photomicrographs of transverse and longitudinal sec- 
tions of the extruded materials showed that some degree 
70 of fibering was achieved with all the additives. In gen- 
eral, the oxides are more effectively fibered than the re- 
fractory compounds. From the microstructures it was 
noted that the extent of elongation varied with the degree 
of deformation throughout the extruded bar. The elonga- 
75 tion was greater at the center than at the nose of the bar 
65 
3700" 'to 4200" F. were utilized with reduction ratios of and greater at the edge than in the middle. The photo- 
I . SBess-supturg properties 
&%G. 
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pared with the unreinforced tungsten of billet 1 pmared 
under the same conditions by vacuum sintering. The tung- 
5 sten 8 voiume percent thorio composite of billet 12 pre- 
pared with a hydrogen presinter had 3 to 4 times the 
Fiber length- 
diamectu 
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stress-rupture life of the other oxide composites. 
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The siress-rupture life at 3000" F. &d 8000 ps i .  of 
the tungsten-hafnium boride, nitride, or carbide compos- 
ites and tantalum carbide composites were at least an 
order of magnitude greater than those of the unrein- 
forced material. While the composites containing hafnium 
boride and hafnium carbide had greater stress-rupture 
lives than the composites containing the hafnium nitride 
5 and tantalum carbide, the latter two composites exhibited 
better ductility. 
Specimens from billet 14 to 17 exhibited unusally low 
creep rates. The creep rate at 3000" F. with an 8000 p.s.i. 
23.3 
12.6 load was 2 . 8 8 ~  10-i per second for tungsten-hafnium 
20.3 20 boride, 4 . 2 8 ~  10-8 per second for tungsten-hafnium car- 
_____________-  bide, and 2.55~10-7 per second for tungsten-hafnium _ _ _ _ _ _ _ _ _ _ _ _ - _  nitride. The order for total elongation before fracture was 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  tungsten-hafnium nitride, carbide, and boride, the nominal 
~ 3 . ~  percentages being 38,18, and 8, respectively. 
1;: 25 The aforementioned tests of the extruded billets indi- 
cate that by using a lower temperature hydrogen pre- 
sintering prior to high temperature vacuum sintering with 
tungsten, an increase in stress-rupture life and ductility 
is obtained. It is also evident the additives markedly ef- 
30 fect the pressures required for extrusion. The oxides de- 
crease the extrusion pressure required for tungsten be- 
cause they are more easily deformed than the matrix at 
the extrusion temperature. Thus, it is apparent the oxide 
additions assist in the processing of tungsten by reducing 
Inasmuch as the additives are lower in density than the 
tungsten, they aid in decreasing the weight of the final 
oroduct. Inasmuch as these additives simultaneously 
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strengthen the product, the combined effect markedly in- 
micrographs of the oxide composites showed substantial 40 creases the strength-weight ratio. From Table 111 it is ap- 
ed with zircon;a, yttria, and hafnia. parent the strengthening effects are most noticeable with 
was not elongated as much as the oxide concentrations between 8 and 16 volume percent. 
oiher oxides. When the length to diameter ratios shown That most of the billets extruded had good density was 
Table IJI are examined it is evident that the overall confirmed by the fact that very little, if any, porosity was 
order of elongation from the highest to the lowest is 45 Seen in most Of the microstructures. 
hafnii zirconia, yttria, and thoria, While the beneficial technical effect of the invention 
has been shown by the fibering of various additives in 
posit@ showed the hafnium nitride to be fibered the most tungsten, it will be appreciated that other matrix mate- 
effectively. while the ta ta lum carbide was noticeably de- rials, as well as other additives, can be used without de- 
formed in the middle section the elongation was small 60 parting from the spirit of the invention or the scope of 
compared to that of hafnium nitride. With the refractory the subjoined claims. For example, it is contemplated that 
compound composites, in most cases there was a small string fiber comwsites can be obtained by applying the 
elmgation at the nose of the extrusion bars, and the in situ method of fibering to other matrix materials which 
fiber& inmeass towar& the middle of the bar. The or- have Iower moduli and higher creep rates than tungsten. 
der of elongation from the higbest to the lowest was 65 Even though tunisten, which has an extremely high 
hafnium nitride, hafnium carbide, tantalum carbide, and melting FOint, was used as the matrix metal, it is Con- 
hafnium boride. templated that metals covering melting point ranges from 
The results of stress-rupture testing of the as-extruded relativeIY low to the very highest melting paints may be 
tungsten and tungsten composites are given in Table 111. used as the base material for composites made in accord- 
Specimens from five extruded tungsten billets 1, 2, 8, 9, 60 ance with the invention. A matrix material, such as iron 
and 10 had stress-rupture lives at 3000" E. and 8000 or steel, might be reinforced with specific refractory com- 
p.s.i in vacuum from 1.5 to 29+1 hours. Billet 8 ( b )  pounds added to the matrix provided the softening tem- 
perature makes them deformable below the melting point 
was the sintering sched- of the matrix. 
illets 1 and 2 which were 65 While the invention is used for strengthening com- 
and 4200" F. had stress- posites, a composite may be desired which has a strength 
Billets 8, 9 and 10 which essentially no greater than that of the matrix, but the 
drQgen followed by vacu- density of the composite would be much less than that 
um sintering at 4200". E had stress-rupture lives at the of the matrix. To meet these requirements a higher 
urs. 70 strength-to-weight ratio material would be fabricated 
contain- according to the invention. 
likewise It is further contemplated that the method of the in- 
he effect vention can be used to produce a material that is less 
of low-vqlurne percent oxide additions to tungsten are expensive than a material made from a matrix alone. 
shown in billets 3,4, Sand 12. It i s  evident from Table 111 75 By way of example, a ceramic that is relatively inexpen- 
Examination of the tungsten-refractory-compound 
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sive can be added in fairly l a r e  quantities to an expensive Compacting the mixture s t a t i d y  to form a bie t ,  
matrix thereby reducing the quantity of the expensive heating said billet to an elevated temperature above 
matrix material. 3700" F., and 
It is further contemplated the disclosed method can elongating said particles by extruding said b i e t  at said 
be used to produce fibers of substances that are not avail- 6 
able in fiber form, After the composite is produced in 2. A method of fibering as claimed in claim 1 wherein 
accordance with the invention, the fibers are removed by the refractory particles have a size substantially @eater 
dissolving the matrix. than the size of the matrix particles. 
While the powders in the foregoing examples were 3. A method of fibering as claimed in claim 1 wherein 
fibered by extrusion, other methods, such as the appIi- 10 the refractory particle material is a powdered oxide. 
cation of hydrostatic pressure, may be utilized to accom- 4. A method of fibering as claimed in claim 1 wherein 
plish the elongation of the materials which are difficult the refractory particle material is a powdered refractory 
to fiber. The desired deformation may be obtained by compound. 
encasing the entire product in a thick sheath of a more 5. A method of fibering as claimed in claim 1 wherein 
ductile material and rolling the encased product. During 15 the refractory particles to be fibered are surrounded by 
this rolling considerable hydrostatic pressure is applied powdered Nngsten. 
to the edges of the material. Swaging can also be used to 6. A method of fibering as claimed in claim 5 wherein 
elongate or fiber the material. the refractory material to be fibered is selected from the 
According to the invention, powden or short length group consisting of zirconia, yttria, hafnia, and thoria. 
fibers of material which are difficult to forge are set in 20 7. A method of fibedng as claimed in claim 6 wherein 
a more ductile or different matrix material. Curved fila- the tungsten powders have a particle size of about 1 
ments may be embedded in the matrix material in a sim- micron and the particles tu be fibered have a size of about 
gar mauner. Short length ceramics, as well as ceramic or 2 microns. 
refractory metal chips, can likewise be embedded in a 8. A method of fibering as claimed in claim 5 wherein 
metallic matrix. A felted material of a fiber product con- 25 the refractory material to be fibered is selected from the 
sisting of refractory materials, refractory compounds, or group consisting of hafnium boride, hafnium nitride, 
oxides can be infiltrated with a matrix and subsequently hafnium carbide, and tantalum carbide. 
forged or elongated by extrusion or forging to produce 
a fiber product. the tungsten powders have a particle size of about 1 
The method of putting together the compoaents of 80 micron and the refractory particles to be fibered have a 
the composite can be varied considerably. The mmpac- s k  from 4 to 7 microns. 
tion of two or more constituents to be fabricated into lo. A method of fibering as claimed in claim 6 includ- 
a composite by the method of the invention may include ing sintering the mixed particles in vacuum at 3500" F. 
such techniques as mechanical mixing and blending, in- followed by sintering in vacuum at 4200" F. 
filtration of powden, by liquids, and infiltration of felts 85 11. A method of fibering as claimed in claim 9 includ- 
or mats by liquids. Also, long fibers of hard materials, ing Sintering in hydrogen at 2600" F. followed by sinter- 
such as those listed previously, can be embedded in metal- ing in vacuum at  4200" F. 
lic matrices, and the fibers are further elongated accord- 12. A method of fibering as claimed in claim 5 includ- 
ing to the invention for increased strengthening of the ing the step of extruding the billet at a temperature &.- 
PrOdUCtS. 40 tween 3700" F. and 4200" F. at a speed between 3.6 and 
Other chemical or physical methods of producing two 14.4 inches per second. 
or more phase composites that will produce relatively 
equiaxed phases in a metallic mixture may be used. Any 
such product, whether vapor deposited, electrochemical 
deposited, co-precipitated, or electrophoretic mixtures can 45 
be. fabricated according to the present invention. At least 
one of the constituents in the composite is fibered during 
fabrication. 
elevated temperature. 
9. A method of fibering as claimed in claim 
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